Introduction
The Laurentian Great Lakes comprise the largest freshwater ecosystem in the world. Their immense surface area (about 246,000 km 2 ) and water volume (about 23,000 km 3 ) support diverse physical, chemical, and biological components that exhibit complex ecosystem functions and processes (USEPA and Government of Canada, 1995; Wehrly et al., 2013) . The Great Lakes drainage basin (about 765,000 km 2 )
shallow water in bays/estuaries in Western Lake Erie to deep waters of Lake Superior, freshwater spawning reefs, extensive length of coastlines, and complex physical processes such as circulation and upwelling patterns. The Great Lakes and their drainage basin provide water and other natural resources for urban, industry, agriculture, transportation, fisheries, and other recreational needs for more than 33.5 million people in the basin (U.S. Census Bureau, 2000; Statistics Canada, 2002) . Managing such a large and complex ecosystem is challenging. Management authority of the Great Lakes is spread across multiple organizations including the federal governments of the U.S. and Canada, eight U.S. states, two Canadian provinces, and many local entities. Current management efforts are hampered by the lack of consistent information that can be shared and easily accessed by federal, state, and local organizations (Wehrly et al., 2013) . The development of a basin-wide database of comparable ecological and socioeconomic data information across the region is, therefore, highly desirable. A consistent database could be used to develop basin-wide management plans, prioritize locations for funding and specific management actions, and to conduct research for science-based decision making. In addition, managers and policy makers are faced with the challenge of making management decisions at multiple spatial scales from an individual beach to a particular lake sub-basin, and from a specific lake to the entire Great Lakes Basin (McKenna and Castiglione, 2010a,b) . Consequently, there is a need to organize information in a hierarchical spatial framework that allows managers and policy makers to apply information and make decisions at a variety of spatial scales.
The need for consistently managed and spatially comprehensive Great Lakes data and information has long been recognized and many efforts and resources have been invested in data collection and synthesis, database development, information delivery, habitat classification, and mapping. For example, the Great Lakes National Program Office (GLNPO) has coordinated with Environment Canada and the Province of Ontario, and the U.S. Great Lakes states to collect physical, chemical, and biological data from open waters of the Great Lakes since the 1960s and to manage those and other sampled environmental data in the Great Lakes Environmental Database (GLENDA) since 2003 (http:// www.epa.gov/glnpo/monitoring/data_proj/glenda/). The Great Lakes Observing System (GLOS) provides access to near real-time and archived observations and modeled forecasts for water levels, wave heights, air and water temperatures, and other lake conditions (http://glos.us/). The Great Lakes Environmental Assessment and Mapping (GLTranslated by Susanne and Hans Ulrich RollEAM) project synthesized basin-wide coarse level anthropogenic data and assessed the Great Lakes health conditions (Allan et al., 2013 ; http://greatlakesmapping.org/). Great Lakes Environmental Indicator (GLEI; Niemi et al., 2007) and the Great Lakes Wetlands Consortium (GLWC) projects have developed environmental indicator data and assessed condition of much of the Great Lakes coastal wetlands (Niemi et al., 2007) . Several efforts also have been devoted to the development of Great Lakes habitat and ecological classification systems (Johnson et al., submitted for publication; Rutherford and Geddes, 2007; McKenna and Castiglione, 2010a,b) .
These efforts have met many critical information needs and helped answer management questions that could not be answered otherwise. However, each of these efforts had specific objectives and focused on particular aspects of information needs related to those objectives. For example, most Great Lakes data collection programs (e.g., offshore focused GLNPO, coastal focused GLEI) have collected physicochemical and biological point data at selected locations. Extrapolation of those data or inferences made from those data to unsampled areas is difficult due to the lack of spatial linkage (how a spatial unit connects to, and is influenced by other spatial units) and a common spatial framework. Extrapolation of information from sampled data to unsampled areas is important because scientists and managers lack the time or resources to sample all areas of the Great Lakes ecosystem. Many of the existing databases and data delivery systems serve as data downloading sources for geographic information system (GIS) data layers that are either available for one side of the U.S.-Canadian border or available for both sides but lack data consistency (e.g., the Institute for Fisheries Research's Great Lakes GIS [http://ifrgis.snre.umich.edu/projects/GLGIS/] and the Great Lakes Commission's Information Network [http://www.great-lakes.net/]). Other existing databases and data delivery systems serve as data portals for locally synthesized data to provide links to other web-based databases and information (e.g., GLOS). These portals may be limited by database sources that are discontinued, out of date, or haven't been linked by a common spatial framework. Few of the databases mentioned above provide the ability to scale spatial data as management needs dictate. Although those efforts serve well for their specific purposes, they do not satisfy the increasing need for a Great Lakes basin-wide integrated database and information system with a mechanism that allows spatial information linkage and hierarchical stratification.
The need for Great Lakes basin-wide information integration and spatial linkages has been widely recognized. The Protocol of Great Lakes Water Quality Agreement (GLWQA) of 2012 identified a need for an integrated approach to managing information to achieve adaptive management objectives for nearshore health improvement, nonpoint source pollution reduction from urban and agricultural sources, aquatic invasive control and prevention, species and habitat restoration and protection, nutrient load and concentration reduction, and climate change prediction and adaptation (GLWQA, 2012) . Emerging issues, such as record low water levels for Lakes Huron and Michigan in December 2012 and January 2013 (Clites et al., 2014) , the dramatic changes in offshore productivity and food web composition likely related to aquatic invasive species in lakes Huron and Michigan during the last decade (Fahnenstiel et al., 2010; Cha et al., 2011; Barbiero et al., 2012; Bunnell et al., 2013) , the extraordinarily high nuisance algal blooms in Lake Erie during 2011 (Michalak et al., 2013) , and the Lake Erie algal toxins that resulted in more than 400,000 people without tap water for two days in 2014 (http://ecowatch.com/2014/08/03/toxic-algaebloom-500000-without-drinking-water-ohio/), require basin-wide and lake-wide binational strategies and management actions.
To address these ongoing and emerging challenges, both Canadian and U.S. governments need a spatial framework and database that provides basin-wide information on the location, characterization, status, and quantity of Great Lakes physical, chemical, biological, and human ecosystem components (e.g., GLWQA 2012 Annex 2 -Lakewide Management Plans and Annex 10 -Science). Ideally a basin-wide spatial framework and database would: (1) incorporate an integrated, objective standard for basin-wide and lake-wide condition comparison; (2) provide access to key available data and spatial information to decision makers to enable rapid identification of high priority, cost-effective locations for protection, enhancement, and rehabilitation; and (3) provide a spatial framework for reporting that allows the priority activities and progress of multiple government agencies to be synthesized, assessed, and reported at regional and basin-wide scales. Such a spatial framework and database is the foundation for the most efficient allocation of resources and management actions by binational government agencies (Riseng et al., 2008; Wang et al., 2011) .
In 2010, a research team was formed to address the need for Great Lakes basin-wide information integration and spatial linkages. The team was composed of Great Lakes researchers and managers with extensive experience in collecting and synthesizing Great Lakes regional data, conducting regional assessments, or developing basin-wide habitat classifications. The goal of this team was to develop an operational, integrated basin-wide database and a hierarchical spatial classification framework with basic spatial mapping units for the entire Great Lakes Basin and their associated catchments in both Canada and U.S. The resulting geospatial classification framework and database, the Great Lakes Aquatic Habitat Framework (GLAHF), has a common spatial framework attributed with sampled, calculated, and modeled data and a flexible nested structure that enables aggregation of data into larger units characterized by specific criteria or constraint. This hierarchical structure allows data to be synthesized, utilized, and reported at any required spatial scales. The GLAHF database includes key available basin-wide data that describe natural and anthropogenically modified variation in catchments, coastal, nearshore, and offshore conditions. The objectives of this paper are to (1) describe the spatial classification framework, hierarchical spatial database structure, data types and sources, and the processes used to attribute such data into the database; (2) report briefly on the Great Lakes aquatic habitat resources and their patterns in natural variation and levels of human disturbances at different spatial scales; and (3) discuss the utility of the spatial framework and associated database.
Methods
Development of hierarchical spatial database structure and classification framework Spatial database structure
The database structure of GLAHF was developed with input from managers and policy makers from Great Lakes states/provinces, Canadian and U.S. federal management and research agencies, and nongovernmental organizations. This binational database development process was intended to ensure that state-of-the-art knowledge and techniques were used, and the spatial framework was acceptable and useful for multiple users and uses. The database structure is a hierarchical network of grid cells across the Great Lakes aquatic and coastal areas with attributed physicochemical and biological georeferenced data. The GLAHF database incorporates five types of target spatial zones including river pour points that summarized their associated catchments variables, coastal terrestrial, coastal margin, nearshore, and offshore regions.
The spatial structure of GLAHF consists of 30 × 30 m grid cells in the coastal terrestrial and aquatic regions (depth b 30 m) and 1.8 × 1.8 km grid cells in the offshore (depth N 30 m) region (Fig. 1) . Each pour point consists of multiple 30 × 30 m cells (wider river mouths have more cells) in the coastal margin zone where a tributary connects with the coastal margin. The smaller cell size in the coastal regions was chosen to provide data with relatively high resolution for measuring the variable conditions and to be consistent with the size of relevant spatial data in the coastal terrestrial area (e.g., land use, digital elevations). The larger cell size in the offshore region was chosen to provide the data resolution for measuring the relatively less variable conditions in the offshore waters and for reducing database size and data processing time. Each 30-m or 1.8-km cell has a unique spatial identifier that locates the cell within a lake, a lake sub-basin, and management or political boundary units. The data attributed to each 30-m or 1.8-km cell are linked to the unique cell identifier in the GLAHF relational database structure. This spatial structure provides the mechanism for data attributed to each cell to be aggregated, synthesized, analyzed, scaled up or down, and reported at various spatial scales depending on research and management needs.
River pour point and catchment connection with the Great Lakes
An important component of GLAHF is the incorporation of influences from terrestrial catchments to the coastal and offshore regions of the Great Lakes. Catchment influences on the Great Lakes are quantified at lake-river connection pour points or coastline segments and further transferred into the coastal and offshore lake regions.
A river pour point is the downstream end of the downstream-most reach of a river network at the coastal region of the Great Lakes. River pour points were identified for river reaches flowing directly into the Great Lakes. The majority of these river reaches have cumulative catchment areas greater than or equal to an 8-digit Hydrologic Unit Code (HUCs, one of the six nested spatial scales of hydrological units used by the U.S.), but small catchments that drain directly into the Great Lakes also occur. We identified consistent basin-wide tributary catchment boundaries using the most current hydrography datasets developed by the U.S. and Canada and a documented repeatable methodology (Danielle et al., submitted for publication) modified from Hollenhorst et al. (2007) . For U.S. tributaries, we used the 1:100,000 National Hydrography Database Plus Version 2 (NHD + V2) developed by the U.S. Geological Survey and the U.S. Environmental Protection Agency (NHD Plus V2, 2012) that includes attributed data of physical, chemical, biological, and anthropogenic characteristics for Great Lakes tributaries. For Canadian tributaries, we used the Ontario Integrated Hydrology Dataset (OIHD), hydrologically-enforced flow direction grids (OMNR, 2013) to develop a synthetic stream network and catchments and to generate a stream reach, local catchment, and aggregated catchment dataset that has a similar spatial structure to the NHD + V2 Danielle et al., submitted for publication) .
A coastline segment is identified as a shoreline length bordered by interfluve catchments with drainage areas that are between catchments of two river pour points along the Great Lakes coastline. Interfluve catchments which drain local landscapes could have no stream drainage network connections to the shoreline. Data and information from such interfluve catchments were attributed to their corresponding coastline cells, and the connection between the interfluve catchments and the Great Lakes is through coastline segments rather than river pour points.
Spatial classification framework
Our spatial classification framework identifies a hierarchy system with zones that have similar environmental characteristics based on a few dominant processes that shape the physicochemical and biological characteristics in the Great Lakes: tributary inflows, high-energy littoral processes, circulation patterns, and thermal stratification. These zones integrate previously established, ecosystem process defined areas of the Great Lakes (Rutherford and Geddes, 2007; Johnson et al., submitted for publication; LEHTG, 2012) .
We defined the largest three levels of GLAHF spatial classification hierarchy as the entire Great Lakes Basin, individual lakes, and lake subbasins within a lake (Fig. 2) . These three spatial scales also include their corresponding catchments and connecting channels (Fig. 3) . We delineated four lake sub-basins within each of the lakes Erie, Ontario, and Superior, and five lake sub-basins for each of the lakes Michigan and Huron, including Lake St. Clair and the St. Mary River, St. Clair River, Detroit River, and Niagara River connecting channels (Fig. 3) . These sub-basins were manually delineated based on physical and biological processes of dominant spring and summer circulation patterns, bathymetric features, and characteristic biological communities. The sub-basin delineation also considered existing sub-basin boundaries (McKenna and Castiglione, 2010a,b; Johnson et al., submitted for publication) and incorporated reviews from Great Lakes region scientists (personal communication of Drs. J. Kelly and P. Yurista, USEPA Mid-Continent Ecology Division, Duluth MN, and E. Reavie, Natural Resources Research Institute, Duluth MN; July 2013).
Our next level of spatial delineation divided each lake sub-basin into zones: coastal terrestrial, coastal margin, nearshore, and offshore. The coastal terrestrial zone begins at the lake shoreline and extends landward for 5 km (Fig. 1) . We defined the lake shoreline as the ordinary high water mark elevation, or the terrestrial edge of hydrologically connected coastal wetlands (Gronewold et al., 2013) . The coastal margin zone is defined as lake areas with water depth between 0 and 3 m for all lakes, and the nearshore zone was defined as lake areas with water depth between 3 and 15 m for Lake Erie and 3 and 30 m for the other four lakes. The offshore zone is defined as the lake areas with water depths greater than 15 m for Lake Erie and greater than 30 m for the other four lakes.
These spatial classification zones were empirically derived by the research team through consideration of a combination of physical variables (circulation patterns, thermocline depths, water depth, wave energy, and water levels) and incorporation of knowledge from other studies on Great Lakes habitat classifications that considered similar geophysical variables as drivers for structuring aquatic habitat (Rutherford and Geddes, 2007; McKenna and Castiglione, 2010a,b; LEHTG, 2012) . Because the factors determining aquatic habitat are a combination of lake geomorphology and physicochemical processes that occur in transition across multiple spatial scales, we used water depth as a surrogate factor to capture the variability in geomorphic and physicochemical components across a lake (Barton and Schelske, 1982; Yurista et al., 2006; Howell et al., 2012) . The coastal margin zone, bounded by the 0-3 m isobaths, is the area where water interacts with the shoreline and reflects wave and seiche energetics and tributary influences most strongly (Johnson et al., submitted for publication) . This coastal margin captures embayments, coastal wetlands, rivermouths, and erosional habitats that have been frequently targeted for biological sampling to better understand the importance of coastal ecosystems in life histories of invertebrates, fish, and birds of the Great Lakes region (Jude and Pappas, 1992; Wei et al., 2004) . The nearshore zone, bounded by 3-30 m (or 15 m) isobaths, captures the water quality gradient between coastal margin and offshore waters resulting from physical processes such as lake wide circulation patterns, geomorphology, tributary inputs, and alongshore currents that can be consistently delineated around the 30-m isobath (Yurista et al., 2006; Rao and Schwab, 2007) . The nearshore zone is also historically the area of the photic zone and is generally not thermally stratified. The offshore zone beyond the 30 m (or 15 m) isobath includes the waters that are influenced by thermal stratification and limited light penetration into deep water.
Data attribution
The GLAHF database is an extensive dataset of over 300 variables organized in a hierarchical folder structure by variable categories such as landscape, climate, physicochemical, and biological data, including their lengthy temporal coverage (Electronic Supplementary Material (ESM) Table S1 ; also available at http://ifrgis.snre.umich.edu/projects/ GLAHF/). GLAHF data exist in spatial (raster and vector) and tabular formats and are stored in ESRI geodatabases and Microsoft Access databases. These data cover minimally a lake sub-basin and are from many sources. Because the data attributed to GLAHF are largely from government and academic research and monitoring programs, we incorporated the metadata and QA/QC source information into the GLAHF metadata. We used this source information to validate the QA/QC process and uncertainty associated with the data to guide our error checking as data were processed. Because GLAHF attributes only summarized data (not raw data), we developed GLAHF metadata following Federal Geographic Data Committee standards and include source references, data-processing and summarization methods, and constraints and uncertainties. Here we briefly summarize methods used to standardize, integrate, and attribute those data into the spatial framework.
River pour point, coastline segment, and coastal terrestrial zone data attribution
We attributed vector and raster data from various sources that are available for the Great Lakes catchments to the tributary pour points, coastline segments, and coastal terrestrial zone (ESM Table S1 ). For catchments, we summarized and attributed upstream catchment data of Great Lakes tributaries to the pour points or interfluve catchments to coastline segments. Vector data (e.g., surficial geology; shoreline geomorphology) were summed by length or area using the maximum combined area method that assigned a grid cell with the value that covers the most area. Raster data (e.g., land use, including inland lakes) were summed by area for each data category using the averaging method that assigned the average value from the source data to the grid cells. Fig. 3 . Great Lakes lake sub-basins and their associated catchments. WSU -Western Lake Superior; CSU -Central Lake Superior; ESU -Eastern Lake Superior; WB -Whitefish Bay; SMRSt. Marys River; NCGeB -North Channel and Georgian Bay; NHU -Northern Lake Huron; EHU -Eastern Lake Huron; CHU -Central Lake Huron; SB -Saginaw Bay; NMI -Northern Lake Michigan; NCMI -North Central Lake Michigan; CMI -Central Lake Michigan; SMI -Southern Lake Michigan; GrB -Green Bay; LSC -Lake St. Clair; WER -Western Lake Erie; CERCentral Lake Erie, EER -Eastern Lake Erie; NR -Niagara River; WON -Western Lake Ontario; CON -Central Lake Ontario; and EON -Eastern Lake Ontario.
Some variables were derived from multiple sources with various temporal and spatial resolutions and thus were cross-walked to arrive at consistent classes across the basin. For example, land use/cover data were available from the 2001 U.S. National Landcover Database (NLCD) with 8 level-I classes and 16 nested level-II classes, and from the 2000 Provincial Landcover Ontario (PLO) dataset with 28 classes. These land cover classes were reclassified into 12 common categories and mosaicked to create a seamless basin-wide dataset.
A series of available data were attributed to the tributary pour points, coastline segments, and coastal terrestrial zone grid cells as proportion (e.g., land use), average (e.g., population density), or total amount (e.g., road length). These data included surficial and bedrock geology types, soil types, land use/cover types, imperviousness, farm animal density (Agricultural Census, ESM Table S1 ), human population density, length of road, wastewater treatment plants, and 20-year means of air temperature and precipitation (ESM Table S1 ). The catchment size and slope, total river length, number of dams per river length, and percentage of groundwater contribution were calculated by pour points or coastline segments. The lengths of rivers accessible from the Great Lakes were calculated from pour points upstream along the NHD + V2 or OIHD to the first barrier. The barriers were included in the National Anthropogenic Barrier Dataset for the U.S. and the Dams and Barriers layer for Ontario (USACE and OMNR; ESM Table S1 ). The coastline segments were also attributed with number of boating docks and marinas, shipping ports, and shoreline development index values.
Coastal margin, nearshore, and offshore zones data attribution Data attributed to the coastal margin, nearshore, and offshore zone grid cells include modeled water thermal, wave, and movement variables; mapped depth, substrate, and wetland variables sampled chemical and biological variables; and occurrence of aquatic nuisance species and shipping traffic variables (ESM Table S1 ). Data were available in vector, raster, and point format. Raster data were summarized using resampling methods and vector data using maximum combined area methods similar to the catchment data described above. Point data were attributed to a grid cell by geographic location.
Vertical water temperature, circulation, and wave data were available from existing models (NOAA GLCFS; USACE WIS) (see ESM  Table S1 ) for all aquatic areas of the Great Lakes at fine temporal resolution (hourly or daily records). These data required intensive data processing to be summarized at spatial and temporal resolutions useful for characterizing trends. Temporal data with hourly or daily records were summarized across daily or monthly time-steps from 1990s through the most recent period available (ESM Table S1 ) to provide measures of seasonal and annual variation. Monthly average vertical water temperatures and circulation were modeled every three hours for 20 or 21 vertical levels (Beletsky et al., 2006; Schwab et al., 2009 , NOAA's Great Lakes Coastal Forecasting System, ESM Table S1 ). We summarized the temperature data for three vertical depth classes of 0-20 m, 20-40 m, and N40 m to represent the average conditions of the epilimnion, metalimnion, and hypolimnion strata within the Great Lakes (Cline et al., 2013) . We also calculated mean cumulative degreedays by summarizing average daily water temperatures for the 0-20 m water column for all days that were above 0°C from January 1 through December 31 for 2006-2012. The circulation data were averaged monthly and seasonally across all depth bins for magnitude (m/s) and direction (degrees). A binary term describing the seasonal averaged on/offshore direction was derived by comparing the circulation direction angle to the generalized shoreline angle in a clockwise pattern around each lake. The mean and maximum wave height and period were calculated monthly and seasonally from the modeled data of U.S. Army Corps of Engineers (USACE) and Wave Information Studies and buoy data of Environment Canada (for Lake St. Clair hourly from 2000 to 2012). The USACE modeled hourly waves for 1950 locations around the shoreline of the Great Lakes from 1979 to 2012.
Averaged monthly estimates of surface water temperature were obtained from remote sensing estimated daily data (NOAA Great Lakes CoastWatch, http://coastwatch.glerl.noaa.gov/) from 1994 to 2013. From these surface water data we calculated two thermal metrics relevant to Great Lakes biota: upwelling and spring rate of warming. We calculated daily areas of upwelling where surface temperatures are lower than a threshold value from the same data. The threshold value was calculated by taking the median surface temperature minus 4°C as a constant (Plattner et al., 2006; Wegscheider, 2006) . We then summarized these daily values annually from 1994 to 2013 as an upwelling index for each of the coastal aquatic and offshore grid cells (Fig. 4) . We generated an index of spring warming to identify areas of potentially higher spring and early summer productivity (Fig. 4) . This index is the difference between June 1 and March 1 surface water temperatures (NOAA CoastWatch data from 1995 to 2012) divided by the number of days during that period to estimate the averaged change in temperature per day and was calculated for each grid cell.
The mapped depth, substrate, and wetland variables were also available for all areas of the three aquatic zones at a relatively coarse spatial resolution and required substantial data acquisition and assembling. Water depth was derived from NOAA's topobathymetry and bathymetric grids with 90-m horizontal resolution (ESM Table S1 ). Geological landforms of lake bottom were derived for the Great Lakes subaqueous terrain features by incorporating relief and depth into an integrated measure of bottom topology (Gallant et al., 2005 ; Fig. 4 ). Substrate compositions were aggregated from various publications (Lewis, 1966; Powers and Robertson, 1968; Moore and Meyer, 1969; Thomas et al., 1972 Thomas et al., , 1973 Bertrand et al., 1976; Dell, 1976; Thomas and Dell, 1978; Robbins, 1986; Thomas, 1988; Rasul et al., 1997; Boase, 2003; Eyles and Mohr, submitted for publication; LEHTG, 2012) . Substrate data included the dominant substrate type and percentage of each substrate type. Substrate types were cross-walked across the five lakes into six substrate types (clay, silt, sand, mud, hard, rock) although the original substrate types for each lake were maintained in the database because studies reported different levels of substrate specificity among lakes. Fish spawning habitats were summarized from a variety of sources that were generated by examining catch records of spawning females, and from survey data on adult spawners, eggs, or larvae locations (Goodyear et al., 1982; also P. Chow Fraser and E. Rutherford, unpublished data) . Coastal wetland data were obtained from the Great Lakes Coastal Wetland Consortium (Albert et al., 2005) .
Chemical and biological data were included for areas where basin-wide sampling occurred and were available. The integration of these data into our database required significant processing efforts due to sampling method differences. The nitrogen and phosphorus concentrations, organic toxic contaminants, heavy metal concentrations, and compositions of phytoplankton, zooplankton, and benthic macroinvertebrate assemblages were obtained from the Great Lakes Environmental Database and Environment Canada sources. Fish species occurrences were obtained from the U.S. Geological Survey Great Lakes Science Center, Ohio Department of Natural Resources, and Ontario Ministry of Natural Resources.
Occurrence data for aquatic nuisance species were obtained from NOAA's Great Lakes Aquatic Nonindigenous Species Information System. The shipping and vessel traffic data were from the U.S. Coast Guard and made available through Marine Cadastre for 2009-2011 (ESM Table S1 ). The U.S. Coast Guard requires commercial and private ships of 30 + gross tons and passenger ships and tankers of 150 + gross tons to use the automatic identification system to locate the vessels during their voyage in U.S. waters and records the information on a one minute time step. These locations were then compiled into buffered shipping paths to represent the dominant shipping lanes in the Great Lakes. ESM Table S1 provides more details on data sources and variable types.
Results

Spatial classification framework and associated database
The resulting product of the binational research team is the GLAHF classification framework and database. The classification framework consists of catchments, coastal terrestrial zone, coastal margin zone, nearshore zone, and offshore zone from each lake ecosystem's outermost boundary toward the center of the lake. The catchments captured in the database as river pour points or coastline segments were attributed with available data and information that are known to influence the lakes; the coastal terrestrial zone was attributed with data from the terrestrial region that have direct impacts on lakes; the coastal margin zone was attributed with data about coastline conditions, coastal human disturbances, and highly variable physicochemical and biological characteristics; the nearshore zone was attributed with physicochemical and biological data that are moderately variable; and the offshore zone was attributed with data that are relatively spatially less variable compared with the other water zones.
These five spatial classification zones are further linked or nested within lake sub-basins and political boundaries, such as state/provincial or management boundaries. The hierarchical structure of the database and spatial classification allows information to be synthesized following ecological hierarchy from grid cells to classification zones, a lake subbasin, a lake, and all the five Great Lakes (Fig. 5) . It also allows information to be synthesized following a political boundary hierarchy from grid cells to classification zones, a management unit, a state or province, multiple states/province, and the boundary between U.S. and Canada (Fig. 5) .
The database contains over 300 variables (ESM Table S1 ) with hundreds of thousands of data records. The data sources include direct website downloading, data acquired from partners (e.g., Rutherford and Geddes, 2007; McKenna and Castiglione, 2010a,b) , and personal contacts with government agencies, research institutions, nongovernment organizations, and individual data holders. GLAHF database consists of three types of data in addition to its hierarchical spatial unit boundaries. The first type of data is GIS layers, such as land cover/use and bathometry, which are data largely generated by government agencies or government funded projects and are available for all spatial units. The second type of data is model predicted data, such as daily water temperature and water current, which are projections by researchers based on relationship among sampled data and predictors and are largely available for all spatial units. The third type of data is monitored or sampled data, which is generally available only for some spatial locations even if they are sampled to represent an entire lake or a lake sub-basin.
Great Lakes aquatic resource distribution patterns
Below we summarize several key factors using both political and ecological boundaries from the attributed data to describe general patterns. The intent of this description is to illustrate how information can be summarized and used at different spatial scales, rather than to exhaustively synthesize the characteristics of the Great Lakes using the many physicochemical and biological factors in our database. Although some information has been reported sporadically in the scientific literatures or government reports, integrating all relevant important information in one place provides a holistic view of spatial patterns and driving forces that control the characteristics of the Great Lakes ecosystem. The geoform classes are calculated by classifying the combinations of lake bathymetry depth and lake bottom relief into 24 geoform classes labeled using standard marine classes (Dietrich et al., 1980) .
Lake characteristics by political boundaries
The U.S. has greater Great Lakes surface water area (64%), coastal wetland area (71%), offshore area (68%), and developed shoreline length (82%) than Canada (Table 1) . Canada has more shoreline length than U.S. (67% vs 33%), primarily due to the sinuous shoreline of the north side of Lake Huron (North Channel and Georgian Bay; 1:24,000 scale). The coastline lengths reported here are greater than previously published (Gronewold et al., 2013) because the GLAHF coastline was developed from finer resolution hydrography data (NHD + V2c 2012, OMNR 2013) and included connecting channels and major estuaries (EPA, 1992). Among the states and province, Michigan (41%) and Ontario (36%) have the highest percentages of surface water area compared with the other states (Wisconsin~10%, remaining states b 5%). Michigan (52%, 47%, 20%) and Ontario (29%, 32%, 67%) also have the most coastal wetlands, offshore water areas, and shoreline length. Although Michigan and Ontario have the highest length of developed shoreline of the Great Lakes, Illinois (55%), Indiana (52%), and Ohio (24%) have the highest percentage of developed shoreline relative to their state or provincial shoreline length.
Catchment characteristics by political boundaries
The U.S. has slightly more catchment areas (55%) and river lengths (54%) than Canada (Table 1) . Michigan has more catchment areas and tributary lengths (29%, 25%) than does New York (7%, 9%), Wisconsin (8%, 8%), or Ohio (6%, 8%). In contrast, Indiana, Illinois, Minnesota, and Pennsylvania together have less than 5% of total catchment areas or tributary lengths of the Great Lakes.
The U.S. has more agricultural (67%) and urban (84%) lands in catchments than Canada. The proportion of agricultural land was highest in Ontario (33%) and Michigan (28%) catchments. Urban land use was highest in Michigan (44%), followed by Ontario (16%), Ohio (14%), Wisconsin (10%), and New York (9%), and lowest (b 5%) in the other states. About 33.8 million people inhabit the Great Lakes ecosystem (Table 1) , with 67% in the U.S. and 29% in Michigan. Based on a preliminary survey (Arvai et al., 2014) , there were 1466 wastewater treatment plants in the Great Lakes ecosystem, of which 1115 were in the U.S. and 351 in Canada. In 2010-2011, there were about 839,200 km of highways in the Great Lakes ecosystem and 81% was in the U.S.
Lake characteristics by lakes
Surface area variation represents the major distinguishing characteristics of the Great Lakes. Lakes Superior, Huron, and Michigan account for the majority of the surface area of the Great Lakes (33%, 24%, and 24%) and lakes Erie and Ontario together accounted for less than 19% (Table 2) . Offshore zone areas are largest in Lake Superior (43%) and smallest in Lake Erie (1%), but the trend is the opposite for coastal margin and offshore zones (13% vs 30%). Lake Huron has the longest (15,365 km) and Lake Ontario has the shortest (2648 km) shorelines, while Lake Michigan has the longest (1696 km) and Lake Ontario has the shortest (352 km) total length of beaches.
Wave and thermal conditions also vary considerably among the Great Lakes (Table 2 ). The mean wave height and duration, summarized over the growing season when coastal areas are more vulnerable to wave erosion, was 0.5 m and 3.2 s, respectively for all lakes. Lake Huron had the highest wave height (0.8 m) and longest wave duration (4.0 s), while Lake Erie had the smallest wave height (0.4 m) and shortest wave duration (2.7 s). Lake Superior had the deepest (19.2 m) and Lake Ontario had shallowest (15.0 m) August thermocline depth. Similarly, Lake Superior had the lowest (2252 degree-days) and Lake Erie had the highest (4028 degree-days) degree-days.
The five Great Lakes experienced different thermal characteristic changes during the past 18 years ( Table 2) . The difference in average growing season (May 1-October 31) surface water temperatures between 1995-1999 and 2008-2012 was greatest for lakes Superior (1.6°C) and Ontario (1.3°C) and least for lakes Huron (1.1°C) and Michigan (1.0°C). The mean spring warming rate (surface water temperature increase from May-June) averaged over 5-year periods (from 1995 to 1999 and from 2008 to 2012) increased the most for Lake Ontario (0.4°C/10 days) and the least for lakes Huron and Michigan (0.2°C/10 days). However, the relative change in spring warming between these two periods was the most dramatic for Lake Superior (91%) and least for Lake Erie (21%). An index of five-year mean ice cover, estimated from sequential days with over 30% coverage, decreased by 8.2 days from 1995-1999 to 2008-2012 for all the Great Lakes considered together, but declined most for lakes Superior (18.2 days) and least for Lakes Ontario (0.8 days).
Catchment characteristics by lakes
The catchment areas, as proportion of total Great Lakes basin catchment, for lakes Superior (26%), Huron (25%), and Michigan (23%) are much larger than that of lakes Erie (14%) and Ontario (12%, Table 2 ). In contrast, the catchment area per km 2 of water surface area for lakes Superior (1.7), Huron (2.3), and Michigan (2.1) are much smaller than those for lakes Erie (2.8) and Ontario (3.3). The total proportions of agricultural land in catchments are greater for lakes Ontario (34%) and Erie (28%) than for lakes Michigan (20%), Huron (17%), and Superior (1%, Table 2 ). The agricultural land per km 2 of water surface area is much greater for lakes Ontario (3.07) and Erie (1.80) than for lakes Michigan (0.61), Huron (0.49), and Superior (0.02). Total proportions of urban land in the catchment are higher for lakes Michigan (32%) and Erie (31%) than for lakes Huron (19%), Ontario (13%), and Superior (5%). The density of urban land area per km 2 of water surface area is higher for Lake Erie (0.43) than for Lake Superior (0.02). Among the 359,085 km of tributaries in the Great Lakes Basin, about 50% of the length is distributed in the catchments of lakes Huron and Superior (each 25%) and the other 50% are in the catchments of the other lakes (each 14-18%, Table 2 ). About 33% of the tributary lengths have no dams known to substantially block access from Great Lakes to tributaries. Lake Superior has the most length of accessible tributaries (30%), followed by lakes Huron (24%), Erie (21%), Michigan (16%), and Ontario (9%).
Lake and catchment characteristics by classification zones
Coastal terrestrial zone Among the five Great Lakes, lakes Erie and Ontario have the highest (49% and 48%), while Lake Superior has the lowest percentages of agricultural land in the coastal terrestrial zone (Table 2) . Lake Erie also has the highest percentage of urban land (26%), followed by lakes Ontario (21%), Michigan (18%), and Superior (5%). In contrast, Lake Ontario has the highest (164/km 2 ) and Lake Erie has the second highest (101/ km 2 ) human population densities, while Lake Huron (8/km 2 ) and Superior (3/km 2 ) have the lowest.
Coastal margin, nearshore, and offshore zones Although many factors in our database can be used to describe the characteristics of the classification zones, we chose chlorophyll a to indicate the difference in primary productivities among those zones. Among the five Great Lakes, Lake Erie coastal margin zone had the highest (15 μg/L) chlorophyll a concentrations, Lake Ontario coastal margin had the second highest (6 μg/L), and that of the other three lakes had the lowest (2-5 μg/L) chlorophyll a concentrations (Table 2) . Similarly, Lake Erie nearshore zone had much higher chlorophyll a concentration (12.4 μg/L) than the other lakes (1.2-2.4 μg/L). Lake Erie offshore zone also had much higher chlorophyll a concentration (7.7 μg/L) than the other lakes (0.6-1.2 μg/L). Among the zones for all five lakes, the coastal margin zone had the highest, the nearshore zone has the next highest, and the offshore zone had the lowest chlorophyll a concentrations (Table 2) .
Discussion
Value of the hierarchical spatial classification framework
Our hierarchical spatial classification framework helps resolve several challenges in data and information management and delivery of the Great Lakes. First, it provides the basic spatial units for data attribution that facilitates incorporation of data from multiple sources into a common spatial network, and integrates data across data types, scales, and ecosystem and political boundaries. Each of the five Great Lakes is a large (surface area and volume) and complex ecosystem with different physicochemical and biological characteristics that naturally vary within and among lakes. The feature of our framework can potentially be used to answer how big an area that a sampling site can represent, how such data can be synthesized to represent larger spatial units, and how the variation within and among lake sub-basins can be properly measured.
Second, it provides a mechanism to quantify connectivity among spatial units and their positions within the system. This feature is extremely important because the natural physicochemical and biological habitat characteristics of a spatial unit are largely determined by the bathymetry, current, waves, geomorphic, and climate conditions at the spatial scales of interest. Those habitat characteristics are also strongly influenced by their connectivity with major system features, such as distance to and condition/size of river mouths, wetlands, shipping routes, point pollution sources, and preserved areas. The importance of connectivity in riverscape ecology has been well established (e.g., Frissell et al., 1986; Poff, 1997; Allan et al., 2004; Wang et al., 2006 Wang et al., , 2012 and GLAHF includes multiple measures of connectivity related to Great Lakes habitats and organisms. These features enable ecological modeling and forecasting of changes to Great Lakes food webs and fisheries resulting from stressors and/or management actions. The ability to forecast changes allows management to move from a reactive to a more proactive state.
Last, our hierarchical spatial classification framework and database provides a mechanism for synthesizing data and information at local, regional, and basin-wide scales, or political jurisdictions. It enables managers and researchers to access data summarized for different spatial units to better understand, conserve, and restore the lake ecosystems.
Uses of the spatial system and database
One of the important uses of our spatial system and database is that the data attributed at the smallest spatial units (30-m or 1.8-km grids) can be synthesized into information at multiple ecological, management, and political units for policy making and management planning and implementation. These units may include a lake sub-basin, a lake, or the entire five-lake ecosystem; lake sections within a specific local conservation area, a planning district, a state or province, or a multistate/provincial region; or the entire Great Lakes basin in the U.S. and Canada. Such information can meet the needs of local stakeholders who are interested in only the water quality of their beaches, coastal line protection, drinking water quality, or harbor operations; local governments and planners who are managing cities or districts; state/ provincial governments who are responsible for a lake area within their political boundaries; partnerships who have common interests in protection and rehabilitation of a particular lake or all the five lakes; and the governments of U.S. and Canada who are responsible for implementing the GLWQA.
Another important use of our database is to classify the spatial ecological units into habitat classes. Classifying spatial units and establishing physicochemical and biological expectations are critical for water resource policy-making, regulation, and scientific hypothesis testing. Presently, such classifications and expectations have been well developed for inland lakes (e.g., Cheruvelil et al., 2008; Wang et al., 2010; Wehrly et al., 2012) and river segments (e.g., Brenden et al., 2008; Wang et al., 2012) , but for the Great Lakes it has been developed only for specific resources or uses, such as Quaternary deposits of the Great Lakes (Karrow et al., 2000) , coastal wetlands (Albert et al., 2005) , fish habitat (McKenna and Castiglione, 2010a,b; Chu et al. 2014) , and human disturbances (Allan et al., 2013; Danz et al., 2005) . Ecological classifications of Lake Erie were conducted by Johnson et al. (submitted for publication) and a physical habitat classification of Great Lakes nearshore and offshore waters was conducted by Rutherford and Geddes (2007) . These efforts have provided classifications of spatial units by type or status based on one or a composite set of variables. The GLAHF framework has been structured to allow multiple user-defined classifications using specific sets of variables such as those described above based on an objectively defined set of aquatic ecological units. The next phase of GLAHF will be the development of these core or base units of classification within the hierarchical spatial classification framework. Aquatic ecological units (AEUs) will be formed by merging neighboring data-attribution units of the 30-m or 1.8-km grid cells into AEUs that have relatively homogenous physicochemical and biological characteristics (Fig. 2) . These AEUs are the building blocks for habitat classification of the Great Lakes system, which are nested within the coastal margin, nearshore, and offshore zones (Fig. 2) . Such a process allows for the classification and mapping of ecological units for multiple uses or purposes across the entire binational Great Lakes ecosystem.
An important potential use of the database is to serve the needs of managers and policy makers trying to achieve many of the GLWQA objectives. The hierarchical structure of the database and spatial framework will facilitate the assembling of critical information needed for developing and implementing lake-wide management plans, and tracking the progress of implementing the plans at local, lake sub-basin, lake basin, and Great Lakes basin-wide scales. The GLAHF database can provide data needed to quantify beneficial use impairments and locations, track distributions and invasion rates of aquatic non-indigenous species, and identify amounts and sources of point and non-point source pollutants. Our database provides a spatial classification framework that is needed for overall assessment of condition of the nearshore waters, for identifying nearshore areas that may become subject to human disturbance stress and areas of high ecological value, and for establishing priorities of protection and restoration using local and large scale factors. Our hierarchical classification framework and database provides the essential mapping tools and information for conducting a baseline habitat survey, assessing net habitat gain, and developing and implementing lake-wide habitat and species conservation strategies. The GLAHF spatial framework and database contains the data needed for calculating major indicators and assessing status, trends, and progress toward achieving the general and specific objectives of the GLWQA (GLWQA, 2012) . It also provides a Great Lakes system-wide tool for the development and implementation of coordinated data accounting, management, sharing, and delivery strategies.
Although spatial structure of GLAHF was subjectively decided by a bi-national team of resource managers and scientists, it was reviewed by many scientists, managers, and policy makers in the Great Lakes region to ensure each spatial zone is distinct from the other zones and is useful for management and research. It is built on current knowledge to ensure that the zones reflect the lake ecosystem spatial components and functionality. The 5-km landward coastal terrestrial zone (including river mouths and catchments above lake coastal line) was delineated to capture the more important roles of natural and anthropogenic environment adjacent to the lakes compared to those at distance (Hollenhorst et al., 200; Wang et al, 2010; Wehrly et al, 2013) . Although the 30-m cell size at the coastal terrestrial, coastal aquatic margin, and coastal nearshore zones and the 1.8-km cell size at the offshore zone meet the majority data resolution needs and is an efficient way to manage the Great Lakes Basin-wide data, at times the users may wish to incorporate their application at finer spatial resolution. In such a case, the users can use data in GLAHF and further divide the cells into smaller sizes.
Limitations and future management of GLAHF
The intent of GLAHF database was not to include all data collected from the Great Lakes. The goal of GLAHF spatial database has been the integration of available basin-wide data to address the needs for data rectified to a common spatial framework. The outcome is a spatial database of consistent data available at the Great Lakes Basin scale and minimally at a lake system scale. For example, we did not attempt to assemble and harmonize data that were collected for specific objectives at a local scale. For local users, our database provides a data backbone (spatial hierarchical framework) to link localized data with the readily available broad scale data (e.g., bathymetry, temperature, wave, substrate, and ecological unit classifications, etc.) to meet their own needs. Because the spatial resolution, type, and availability of lake system-wide data could vary depending on data source, our data attribution process has simplified some of the data that were inconsistent across the scales into common descriptors or common spatial units. Hence, some of the data in our database may have lost their fine detail or resolution.
Some of the data currently in our database are incomplete and can be improved in the near future. Nearshore areas of the Great Lakes have only recently been sampled and studied basin-wide and these data need to be incorporated into GLAHF when they become available. The ballast water loading and discharge locations in the Great Lakes are available only for the United States portion of the waters. The coastline typology for the U.S. is much newer and more detailed than those for the Canada, which will need improvement when newer data become available. The approach of the first iteration of GLAHF is to include as much of the best available data on a lake/system-wide scale as possible. Given the fast development of information technology and increasingly availability of regional data, our database will require periodic update and improvement.
The GLAHF database is extensive (100 s GBs), which could be cumbersome and difficult to manage. The advancement in faster computing power, larger hard drives, the advent cloud computing, and large database operation systems (e.g., SQL Server, ArcSDE) make the management of our database more efficient and easier. The GLAHF spatial data is stored in the ESRI proprietary format. Although this format requires specific software licenses and continued file maintenance and updating, it is the most commonly used GIS platform to facilitate multiple users. Data in this format can be stored in a compressed format and can be exported in open source spatial data format standards (e.g., shapefile, csv, kml, GeoTIFF).
The GLAHF database and spatial framework have been developed through a research project with the goal of developing a publically accessible database and classification system. The plans for long-term database management, data delivery, and data update were beyond the scope of this research project but are currently under development. In collaboration with Institute for Fisheries Research, University of Michigan, and U.S. Geological Survey Great Lakes Science Center, we have begun the work toward this direction.
Overall, our database provides the essential data for achieving some of the GLWQA objectives and for meeting the needs of many other management and research programs. The utility of the database can be improved by incorporating additional detailed localized data that are not available at a lake or system-wide scale. Presently, many additional data layers and data layers at a higher resolution are available only at a regional or local scale. Adding of these data to our lake system-wide database by regional agencies or partnerships will improve the utility of GLAHF for local users by providing information that otherwise could not be supplied by the lake system-wide database and by placing that data within a lake-or basin-wide framework. This database also can be improved by incorporating updated or new data layers, newly designed systematic collected information, and modeled physicochemical and biological conditions under projected climate changes.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.jglr.2015.03.017.
